Abstract
Introduction
Corrosion is gradual deterioration of materials generated by their chemical interaction with the environment [1] . The corrosion of metal and alloy structures can be disastrous leading to economic loss in terms of repair, replacement, safety and environmental pollution. Mild steel has gain wide industrial application because of its excellent mechanical properties and low cost. This material, however, is prone to corrosion when exposed to the action of either bases or acids in the industries.
The use of inhibitors is one of the most practical methods for protecting materials against corrosion, especially in acid descaling bathes, and preventing not only the metal dissolution but also acid consumption. Inhibitors protect the metals by effectively adsorbing on their surfaces and blocking the active sites for metal dissolution and hydrogen evolution, respectively. In such a way, metal corrosion in aggressive environments becomes hindered [2] . The environmental toxicity of some inhibitors has led researchers to investigate the use of green and agro based materials as the alternatives to inorganic substances. These organic materials are biodegradable, cheaper and ecofriendly since they do not contain heavy metals or other toxic compounds [3] . They function via adsorption of the molecules on the metal surface creating a barrier to corrosion attack.
Green inhibitors from many plants have been investigated and reported by several authors as materials having the potential to reduce metal dissolution in various aggressive acids. Such plants include Jatropha curcas [4] [5] [6] , Tithonia diversifolia [7] , Carica papaya [8] , Isertia coccinea [9] , Telfaria occidentalis [10] , Rice husk [11] , Nicotiana tabacum [12] , Water hyacinth [13] , Moringa oleifera [14] , Curcuma longa [15] , Azadirachta indica [16] , Phyllanthus amarus [17] and Bitter leaf [18] . It has been reported that the extract from these plants contained tannin and saponins that contribute to the inhibitory action via physical adsorption mechanism [19] . The protonated species are often adsorbed at the cathodic sites of the metal surface and retard hydrogen evolution reaction [20] . This was probably responsible for the pronounced cathodic inhibiting effect of G. africana observed at the ambient temperature (30 °C).
Plants leaves, especially bitter leaf (BF) has been reported to contain chlorophylls and carotenoids, phenols, alkaloids and terpenoids which are constituents of most organic inhibitors [21] [22] [23] . Omotosho and Ajayi [3] used the gasometric technique and reported the inhibitive effect of bitter leaf extract on environmentally assisted cracking of Al-alloy in 2.0 M hydrochloric (HCl) at the ambient temperature. Additionally, Ajayi et al [24] investigated the deterioration pattern and corrosion rate of the mild steel in 2 M H 2 SO 4 at 333 K and related it with the concentration of BF extract.
Vernonia amygdalina (VA) (botanical name of BF) is a common plant largely available in all geopolitical zones of Nigeria, especially the south-western part of Nigeria. Hence, the use of BF as corrosion inhibitors (CI) constitutes one way to mitigate corrosion rate, protects metal surfaces against corrosion and preserves industrial facilities [25] . The present work reports the inhibitory action of VAE (extract from VA stem) on the mild steel corrosion in 1 M hydrochloric acid. It is noteworthy, that chloride ions present in the media under investigation have the tendency to be specifically adsorbed on metal surfaces. They facilitate adsorption of protonated inhibitor species by forming intermediate bridges between the metal surfaces and the inhibitor [26] .
Experimental technique

Preparation of mild steel
The composition of the mild steel used in this experiment is presented in Table 1 . The 0.2 cm thick steel was mechanically cut into coupons of dimensions 5.0 × 4.0 cm. The surface treatment was done by degreasing the coupons using absolute ethanol, followed by drying in acetone. The samples so prepared were stored in the desiccator. The experiments were carried out under non-stirred and aerated conditions.
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Preparation of plant extract
4 kg of fresh stems (Vernonia amygdalina) was sun dried for 28 days to completely remove the moisture content. Stems were then grounded into powder and sieved. 20 g of the powdered material was soaked in 700 ml ethanol solution and kept inside a desiccator to prevent evaporation for a period of 24 h and filtered. Finally, the filtrate was heated at 80 °C for 25 minutes inside a rotary evaporator in order to remove the ethanol. FTIR (Shimadzu, model IR AFFINITY, IS FTIR) was used to determine the functional groups responsible for the inhibition.
Corrosion rate and inhibition efficiency measurement
For the corrosion experiment, the mild steel coupons were totally immersed in 250 ml capacity beakers containing 100 ml of 1M HCl solution. The initial weight of the mild steel coupons was taken before immersion in the acid solution with and without the addition of inhibitor. To achieve total coverage, the coupons were suspended in the beaker with the aid of rod and hook. The quantities of inhibitor ranging from 0.2-0.8 g/L were added to the corrosion medium. The experiment was conducted at ambient temperature during 360 h (15 days). The weight of the specimens after immersion was taken every 72 h (3 days) using electronic weighing balance (HX 302T with 0.01 g accuracy). Prior to weight measurements, the samples were cleaned with distilled water and dried with acetone to remove the corrosion products. The experiment was carried out in duplicate to ensure reproducibility. The corrosion rate (CR) and inhibition efficiency (IE) were calculated using equations (1) 
where W 1 is the mild steel weight before immersion, W 2 is the mild steel weight after immersion, A is the surface area of the coupon in cm 2 , T is the period of immersion in h, IE / % is inhibition efficiency, CR 1 is corrosion rate of mild steel coupons in the absence of inhibitors and CR 2 is the corrosion rate of mild steel coupons in the presence of concentration of inhibitors.
Surface Examination
The surface features of the mild steel coupons were examined with SEM before and after exposure to HCl solution for 360 h (15 days) in the presence and absence of inhibitor, respectively.
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Results and discussion
Phytochemical screening and inhibitive ability of VAE
The phytochemical screening of VAE indicates compounds such as tannins, saponins and alkaloids [27] . The weight percents of these compounds were reported by Ayeni and co-workers [24] . The assessment of the inhibitive property of VAE was investigated through the weight loss technique. Figure 1 shows the corrosion rate (g/cm 2 h) of mild steel in 1M HCl in the presence and absence of various concentrations of inhibitor with exposure time (days). The corrosion rate was found to decrease with increasing concentration of VAE in the corrosion medium. The improved resistance to corrosion is due to adsorption of the constituents of the extract on the surface of the mild steel [28] . Moreover, a significant retardation in the rate of corrosion can be observed after 288 h (12 days) and the effect is more pronounced with the addition 0.8 g/L of VAE. The corrosion rate diminished due to the increased thickness of the protective oxide layer.
Direct relationship between inhibition efficiency and exposure time varies for different VAE concentrations as shown in Figure 2 . The inhibitor efficiency increases with increased exposure time. The highest efficiency of 78.12 % was achieved in the corrosion medium containing 0.6 g L -1 VAE after 12 days of exposure. Irrespective of the amount of VAE in the acidic medium, its efficiency began to decline after 6 days. 
Adsorption isotherms
Adsorption is usually modeled by Langmuir, Frumkin, Freundlich, Flory-Huggins, Temkin or Bockris-Swinkles adsorption isotherms [30] . Here, equation (3) was used to calculate degree of surface coverage () for the different concentrations of VAE. In this study, Langmuir model was adopted to determine the adsorption isotherm according to equation (4) . 
A r t i c l e i n P r e s s
In equation (4), c is inhibitor concentration and K ads is equilibrium constant of the inhibitor adsorption.
To determine K ads , the value of c/ was plotted against c giving the linear line with the root mean square value of 0.998 (Figure 3 ). According to the equation (4), the inverse of the intercept gives the equilibrium adsorption constant, K ads . The inhibition process may take place through either chemical adsorption or physical adsorption of the inhibitor's molecules [15] . To ascertain this and according to other researchers' reports [31] [32] , K ads can be related to the adsorption free energy (∆G ads ) using the equation (5): ads ads 1 exp 55.5
In the equation (5), 55.5 is water concentration, ∆G ads is free energy of adsorption, R is the universal gas constant and T is temperature. Table 2 shows the Langmuir adsorption parameters obtained for the VAE at 30 °C Free energy of adsorption, ∆G ads , obtained from the equation (5) shows a negative value suggesting that adsorption process of the VAE was spontaneous. According to Awe et al. [19] , if ∆G ads was around 20 KJ/mol or less, the adsorption is consistent with physisorption, while for ∆G ads around 40 KJ/mol or higher, the adsorption is consistent with chemisorption mechanism. Hence, it seems that VAE adsorption process in the present corrosive medium is physisorption. This is in full agreement with observations of other authors [18, 28, 30] . The strength of the adsorption bond depends upon the electron density of the functional group donor atom and the polarizability of the group [33] . The replacement of H atom attached to the C in the ring by a substituent group (NH 2 , OH, NH, NO 2 , CHO, or COOH) improves inhibition.
FT-IR spectra shown in Figures 4 and 5 are plots of percentage of intensity (relative abundance of each functional group) and the frequency values given in cm -1 , depicting the surface coverage of each functional group in the inhibition process. Thus, the peak at 2113 cm -1 in Figure 5 , which has already been attributed to hydroxyl (OH) group [34] , confirms the presence of large amount of saponin compound in VAE. The inhibitive ability of inhibitors depends greatly on their phytochemical constituents. Compounds such as alkaloids, saponins, tannins and flavonoids have been reported to have inhibitory property [27, 29] . For example, the presence of tannins may lead to the formation of passivating layer of tannates on the carbon steel surfaces. In addition, OH groups around the molecules can form strong complexes which block the generated micro anodes formed in the contact with corrosion medium [29] .
Surface morphology examination
To justify the observations, the surface morphology of the corroded samples in the presence and absence of VAE was examined. Figure 6 shows that the mild steel sample immersed in 0.1 M HCl without inhibitor corroded more than the mild steel sample exposed to degradation in the presence of VAE inhibitor.
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Conclusion
In agreement with typical characteristic of all organic inhibitors, VAE shows an outstanding ability to provide improved corrosion resistance of mild steel in acidic medium (HCl). The inhibitive ability of VAE depends on protective oxide layer formed at the mild steel surface by adsorption mechanism due to the presence of tannin and saponin. The adsorption parameters obeyed the Langmuir model. The value of adsorption free energy implies a spontaneous process consistent with physical adsorption mechanism. Consequently, VAE can be recommended for use in industrial processes to reduce metal dissolution in acidic media. Moreover, being a cheap, non-toxic and eco-friendly compound, VAE can easily substitute most of the inorganic synthetic inhibitors.
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